ABSTRACT The mountain pine beetle (Dendroctonus ponderosae Hopkins) is the most serious pest of pines (Pinus) in western North America. Host pines protect themselves from attack by producing a complex mixture of terpenes in their resin. We sampled lodgepole pine (Pinus contorta variety latifolia) phloem resin at four widely separated locations in the interior of British Columbia, Canada, both just before (beginning of July) and substantially after (end of August) the mountain pine beetle dispersal period. The sampled trees then were observed the next spring for evidence of survival, and the levels of seven resin monoterpenes were compared between July and August samples. Trees that did not survive consistently had signiÞcantly higher phloem resin monoterpene levels at the end of August compared with levels in July. Trees that did survive mainly did not exhibit a signiÞcant difference between the two sample dates. The accumulation of copious defense-related secondary metabolites in the resin of mountain pine beetle-killed lodgepole pine has important implications for describing the environmental niche that the beetle offspring survive in as well as that of parasitoids, predators, and other associates.
The survival and reproductive success of aggressive, primary bark beetles is dependent on their ability to locate an appropriate host and overcome its defenses, killing the tree. Conifers, such as Pinus (Pinaceae), have evolved a complex array of chemical defenses to contend with bark beetle attacks. A primary form of chemical defense entails the production of resin that is mainly composed of terpenes (Franceschi et al. 2005) , a large class of compounds based upon multiple C 5 isoprene units (Gershenzon and Croteau 1991) . Trees produce terpenes as components of both their constitutive and induced defense systems (Franceschi et al. 2005, Keeling and Bohlmann 2006) . Lodgepole pine (Pinus contorta variety latifolia Dougl. ex Loud.) produces resin consisting primarily of monoterpenes (i.e., two isoprene units). Rapid localized induction often leads to an increase in terpene concentration in the resin at the site of attack by more than an order of magnitude (Raffa et al. 2005) . Terpenes have been shown to be toxic to bark beetles (Smith 1961 (Smith , 1963 Coyne and Lott 1976; Raffa et al. 1985) and their symbiotic fungi (Paine and Hanlon 1994) , but they also have been shown to be precursors for aggregation and antiaggregation pheromone biosynthesis by bark beetles (Borden 1985 , Raffa and Berryman 1983a , Gershenzon and Croteau 1991 , Hunt et al. 1989 ) and can enhance (Borden 1985, Erbilgin and or reduce (Erbilgin and Raffa 2000) response to aggregation pheromones.
Mountain pine beetles, Dendroctonus ponderosae Hopkins (Coleoptera: Curculionidae: Scolytinae), generally overwhelm and kill their host trees to ensure offspring survival Berryman 1983a, Logan and Powell 2001) , although they can successfully produce a high density of brood without killing the host with strip attacks (Amman and Cole 1983 )Ñ only attacking part of the bole of the tree, which leaves enough living tissue that the tree can survive. Native to western North America, the mountain pine beetle normally survives in endemic populations reproducing in already weakened hosts with poor defensive capabilities. However, mountain pine beetle populations can erupt into epidemic size populations where they are able to attack and kill healthy trees across vast landscapes (Safranyik and Carroll 2006) . Successful colonization of defended hosts is facilitated by the production of aggregation pheromones that instigate a mass attack (Borden 1985 , Seybold et al. 2000 , and lead to inoculation of fungi into trees as attacking beetles bore through the bark (Solheim 1995 , Lee et al. 2006 . After successful colonization, mated females lay eggs along the margins of galleries excavated beneath the bark, within the phloem. Eggs hatch within days and larvae tunnel further into the phloem as they grow and develop. The larvae remain under the bark through the winter, pupate, and then emerge from the tree the next summer and search for a new host. Although mountain pine beetles are capable of using most Pinus within their range (Furniss and Carolin 2002) , lodgepole pine is the most common host species in western Canada (Safranyik and Carroll 2006) . Mountain pine beetles use some of their hostsÕ terpene defenses as chemical precursors for production of components of their aggregation pheromone (Raffa and Berryman 1983a) , but terpenes have also been shown to be toxic to mountain pine beetle (Smith 1963) and toxic or fungistatic to their associated fungi (Paine and Hanlon 1994) .
Given the dynamic nature of the defensive response by conifers, conditions relevant to the survival and reproductive success of subcortical insects may change abruptly after bark beetle attack. To observe the changes in the chemical environment faced by newly hatched mountain pine beetle larvaeÑas well as by predators, parasitoids, symbiotic fungi, and other associated speciesÑwe conducted a study to quantify differences in the phloem resin terpene levels just before, and then substantially after, mountain pine beetle colonization. We also compared late-summer resin levels in attacked trees that survived to the next spring with those that did not to better understand the efÞcacy of induced resinosis in terms of tree survival after mountain pine beetle colonization. The study was replicated at four separate locations in British Columbia, Canada.
Materials and Methods
Before mountain pine beetle emergence and dispersal (6 Ð12 July 2006; conÞrmed by lack of evidence of new attacks on trees at experimental sites), 10-mmdiameter phloem and bark samples were taken from uninfested lodgepole pine trees. Trees were sampled at Ϸ1.3 m above ground level. The samples were immediately placed in individual paper envelopes and placed on dry ice for transport to the lab, where they were stored at Ϫ80ЊC until used in analyses. . From 20 Ð24 August 2006, the same trees were visited again and a second phloem and bark sample was taken, transported, and stored in an identical manner as previously described. Only one site was used at 100-Mile House because a second previously unattacked stand could not be found. At the time of the second (August) sample, the number of mountain pine beetle entrance holes in a 20-by 40-cm area on both the north and south side of each sampled tree was also assessed at Ϸ1.3 m above the ground. During the next spring (May 2007), the same trees were assessed for survival based on a visual inspection of their foliage. Red or chlorotic foliage indicated successfully colonized trees during the year immediately after mountain pine beetle attack (Safranyik and Carroll 2006) .
The phloem samples were analyzed in the manner described in Clark et al. (2010) using gas chromatography ßame ionization detection. The seven predominant monoterpenes (Clark et al. 2010) found in the lodgepole pine resin were quantiÞed (3-carene, limonene, myrcene, ␤-phellandrene, ␣-pinene, ␤-pinene, terpinolene).
Data were analyzed in R v.2.9.1 (R Development Core Team, 2009) using paired Wilcoxon signed rank tests to compare the monoterpene levels within the locations between July and August in trees that were determined to have survived (escaped attack or were attacked and survived) or died. Nonparametric statistical analyses were used as data related to several of the monoterpenes violated the assumptions of normality and heteroscedasticity. The Wilcoxon rank sum test was used to compare the mean number of entrance holes at each location between the same groupings of trees, as data from some of the locations did not meet the assumptions of a parametric statistical analysis. Binomial generalized linear models were used to examine the effect that the change in individual monoterpenes from July to August may have had on the survival of trees that were attacked. The difference in individual terpene levels from July to August in trees that were attackedÑwith attack density as a covariateÑwas used to investigate a possible effect of monoterpenes on attacked tree survival.
Results
The phloem resin levels of all seven major monoterpenes were signiÞcantly higher in August samples than they had been in July samples at all sites in trees that did not survive with the single exception of terpinolene levels in trees near Princeton, where the increase was not signiÞcant (Table 1 ). In the spring of the year after attacks we observed that 328 of our test trees were dead from mountain pine beetle attack. 3-carene levels in August were 1.65 times (Princeton) to 3.18 times (100-Mile House) higher compared with July levels. Limonene levels in August were 1.25 times (Princeton) to 2.07 times (100-Mile House) higher compared with levels in July. Myrcene increased from 1.32 times (Princeton) to 2.64 times (100-Mile House) and ␤-Phellandrene levels showed increases ranging from 1.30 times (Princeton) to 2.14 times (100-Mile House) in August samples compared with July levels. ␣-Pinene levels in August showed increases ranging from 1.96 times (Quesnel) to 3.16 times (100-Mile House) compared with levels in July. ␤-Pinene levels in August showed increases ranging from 1.60 times (Princeton) to 4.25 times (100-Mile House) compared with levels in July. Terpinolene levels in August showed average increases ranging from 1.23 times (not signiÞcant, Princeton) to 2.10 times (100-Mile House).
Trees near Princeton generally showed the smallest increase in all monoterpene levels, while trees near 100-Mile House always showed the largest increases in levels of monoterpenes between July and August samples.
A total of 46 sampled trees survived the next spring based on examination of their foliage. Twenty-four trees escaped attack and 22 trees were attacked but survived (Table 1) . With the exception of limonene and terpinolene (Quesnel) in trees that escaped attack, and ␤-pinene (Kamloops) in the trees that were attacked but survived, there were no signiÞcant differences in monoterpene levels between the samples taken nearly two months apart (Table 1) in surviving trees. In trees that escaped attack at Quesnel, limonene levels in August showed a signiÞcant 1.11 times decrease and levels of terpinolene showed a signiÞcant 2.42 times increase in August compared with July levels. In trees that were attacked but survived in Kamloops, ␤-pinene levels showed a signiÞ-cant 3.38 times increase from July to August.
The change in the individual terpenes in the attacked trees near to both Kamloops and Princeton did not signiÞcantly explain the survival of the trees at those locations except limonene levels at Kamloops. The probability of a tree surviving at this location slightly increased with increasing change from July to August in limonene levels (P Ͻ 0.04) when attack density (NS) was used as a covariate. This is speciÞc to the range of limonene levels and attack density that were found at this location.
Discussion
The signiÞcant increase in phloem resin monoterpene levels in lodgepole pines that did not survive the next spring was consistent across all locations and for all seven major monoterpenes, with only one exception. In comparison, monoterpene levels in surviving trees that escaped attack did not change signiÞcantly between July and August, with only a few exceptions at one location. In trees that were attacked but survived, ␤-pinene levels increased signiÞcantly at one location. Interestingly, those trees that were attacked but survived did not show signiÞcantly increased levels of these defensive compounds. However, it is likely that these trees that were not successfully colonized by the mountain pine beetle no longer needed to have elevated levels of these monoterpenes by the time that we sampled in August. If this is the case, it may support the idea that trees that ultimately were successfully colonized were still Þghting the attack with elevated levels of monoterpenes even at the end of the major beetle ßight period. It is important to remember that we had a very small number of trees that survived the next spring and caution should be taken when interpreting these data.
In the trees that did not survive the mountain pine beetle attack these signiÞcant, and very substantial, increases in monoterpene levels represent the legacy of the treesÕ defensive efforts and highlight the extreme shift in the chemical environment of the phloem between the time of initial colonization and the period of egg and early larval development. The consistency of this chemical shift across a large number of samples in four separate locations shows that mountain pine beetles of all stages Ð and particularly the eggs and the larvae Ð must be equipped to deal with an increased level of monoterpenes even after recruitment of conspeciÞc adults to the mass attack has ended. In other words, just because a host treeÕs defenses ultimately will be overwhelmed, the remnants of the defensive secretions remain for some time in the host phloem, and it is left to the beetle progeny to deal with a more toxic environment than was initially experienced by the colonizing parental generation. The length of time that these increased monoterpene defenses continue to be produced or how long they remain in the tree is unclear. It is often assumed that the mass attack creates a more benign environment for the larvae of the mountain pine beetle to complete its development. Although eventually this may be true, the mountain pine beetle adults, their offspring, and their associates must survive for weeks in a high monoterpene environment. The length of time for the mountain pine beetle aggregation to end is dependent on the density of the mountain pine beetle attacks. To prevent intraspeciÞc competition, attack density is partially regulated by an anti-aggregation pheromone (Rudinsky et al. 1974) and high concentrations of the aggregation pheromones exo-and endo-brevicomin and frontalin are ultimately inhibitory (Ryker and Libbey 1982 , Ryker and Rudinsky 1982 , Borden et al. 1987 , signaling to newly arriving conspeciÞcs that an individual tree is fully occupied. The trees that did not survive the next spring had higher mean attack density than the optimum attack density (Ϸ62 attacks/m 2 ) found by Raffa and Berryman (1983a) (Table 2 ). Thus the mountain pine beetles in trees that died the next spring were successfully overwhelmed by the time that the second phloem sample was taken in late-August. Oviposition is known to begin four to Þve days after the initial attack (Wood 1982) , and eggs and young larvae were present in the trees during the second sampling. Limonene, 3-carene, and ␣-pinene have been shown to be ovicidal (Raffa and Berryman 1983b) and the levels found in the lodgepole pine in August likely would have a negative impact on the brood survival of the mountain pine beetle.
Loblolly pine (Pinus taeda L.) artiÞcially inoculated with fungi (Ophiostoma minus) associated with the southern pine beetle (Dendroctonus frontalis Zimmermann) showed greater induced resin yield even at 105 d posttreatment . hypothesized that beetles encounter greater resinous response from a tree previously attacked that season compared with trees that were not. While we did not measure resin yield, the increase in monoterpene levels found in the phloem of our naturally attacked lodgepole pine (Table 1) is consistent with the idea that bark beetles, or other species, attacking infested pines later in the season face a very different environment compared with early attackers.
The signiÞcantly higher levels of monoterpenes in the successfully attacked trees compared with those that survived is also important when describing the niche of the secondary insects and predators and other organisms that may join the mountain pine beetle in the host. This phenomenon should be considered in further research on the complex array of organisms associated with mountain pine beetle attack and mountain pine beetle-attacked trees. Depending on the timing of the other organisms they too may have these increased monoterpene levels to contend with or to use to their advantage which could have a serious impact on their population levels. Besides the symbiotic fungi, there are other associates of mountain pine beetle that would be impacted by the elevated monoterpene levels present in the attacked host tree. DeLeon (1934) found many associates living with mountain pine beetle in lodgepole pine in the western United States including parasites, predators, and mites, mostly found while sampling between May and September. Predators and parasites can have an important impact on mountain pine beetle brood success (Amman and Cole 1983) . The extremely high levels of monoterpenes after mountain pine beetle attack, their effects on the community living in the tree, and how long the elevated monoterpene levels remain present in the tree, must be considered when investigating the modiÞed phloem ecosystem and its impact on mountain pine beetle dynamics.
Many predators use terpene signals emanating from infested trees to locate suitable prey. Clerid beetles (Coleoptera: Cleridae) are among the most important predators of the mountain pine beetle (Amman 1984) . Some clerids use host volatiles (Billings 1985 , Schroeder 1988 , Ché nier and Philogè ne 1989 to Þnd their prey, and the increased levels of monoterpenes in attacked trees late in the summer would be highly likely to affect the foraging behavior, timing, and success of the predator. For example, Roptrocerus xylophagorum (Ratzeburg) (Hymenoptera: Pteromalidae) is a common parasitoid of mountain pine beetles in lodgepole pine beginning in late-June, when the adults enter the bark beetle galleries to lay their eggs (DeLeon 1934) . Roptrocerus xylophagorum and its progeny will interact with rapidly increasing levels of host defenses at this time. Many parasitoids appear to be attracted to tree volatiles (Dahlsten 1982) , and the levels present in the attacked trees may impact their Standard error is shown below the mean. Different letters indicate signiÞcant differences between the alive and dead trees within each location by using a Wilcoxon rank sum test.
a No statistical tests were run on these data.
success at locating suitable hosts. Female R. xylophagorum in y-tube experiments showed an attraction to Ips grandicollis (Eichhoff) (Coleoptera: Curculionidae) infested loblolly pine bark compared with uninfested pine (Sullivan et al. 2000) . Boone et al. (2008) reported that some species of parasitoids were found to be attracted to volatiles produced by Ips pini (Say) associated fungi. Adams and Six (2008) found that some parasitoids were attracted to logs infected with mountain pine beetle associated fungi, possibly because of oxygenated monoterpenes. Parasitic nematodes are also associated with mountain pine beetles (Thorne 1935 ) and in a laboratory study the greatest egg loss was attributed parasitic nematodes (Amman and Cole 1983) . Thus, although many factors inßuence parasitoid populations in a stand infested with bark beetles (Erbilgin et al. 2002) , the high level of monoterpenes in mountain pine beetle-killed trees is likely to impact the success of natural biological control agents. We would expect that the increased monoterpene levels in these mountain pine beetle attacked lodgepole pine to have a positive effect on the natural enemy population to successfully locate infested trees. The presence of some monoterpenes has been shown to inhibit growth of fungi (Paine and Hanlon 1994) . Therefore, the levels of monoterpenes encountered by the fungi and the length of time the chemicals are present in the tree in very high concentration after the attack would have an effect on the success of the beetles. It has been noted that larvae early in the colonization process move slowly behind the progression of the fungi (authorsÕ, and othersÕ, observations). It was observed by Adams and Six (2007) that larvae sometimes move away from the tips of their galleries and back into older areas of the galleries. One explanation for this slow progression of the larvae behind the spreading fungi is that the extremely toxic phloem that the insects must feed in slows the growth of the fungi that, as it grows, makes the tree tissues more hospitable for the young larvae. There is also evidence that the fungi may provide nutrition for the mountain pine beetle larvae (Bleiker and Six 2007) indicating that the success of the fungi impacts the success of the beetle.
Some trees attacked by mountain pine beetle did survive the next spring. At the location near to Kamloops there was a signiÞcant relationship between increasing levels of limonene with attack density as a covariate and survival of attacked lodgepole pine. This Þnding should be treated with some caution as there were only 13 attacked surviving trees and 89 trees that died and this trend was not observed in Princeton (the other location with attacked trees that survived). However, in laboratory bioassays limonene has been shown to be toxic to the southern pine beetle (Dendroctonus frontalis) (Coyne and Lott 1976) and ovicidal to mountain pine beetles (Raffa and Berryman 1983b) . Perhaps greater relative increases of limonene levels does increase the chance of a tree surviving by being a more toxic environment for the eggs; but probably only to a certain point dependent on the attack density.
The dramatic increase in monoterpene levels that persist for at least six weeks (and likely longer) are important to consider in studies examining bark beetle/fungus growth and developmentÑ especially in those studies conducted in cut logs. Because cut logs do not produce substantial induced defenses, which appear to last for an extended period of time in the intact host, this environment may not accurately represent the chemical environment in which beetles that attack living trees and their progeny must survive. Bark beetles that attack both living and dead trees occupy two different environments and the impact of these differences should be considered.
Our results show that the monoterpene levels in the phloem of mountain pine beetle-killed trees in latesummer are still signiÞcantly higher compared with preattack monoterpene levels. It is not clear from these results if the trees were still producing chemical defenses during our late-summer sampling, or if these defenses were the result of a previous increase in monoterpene levels that are retained in the phloem and which are still detectable late in the summer. Understanding when a host stops defending itself and when its resources are truly exhausted postattack is important for understanding how the beetle and its associates are successful. It would be particularly important when looking at the progression to and from outbreak population levels, as the availability of suitable hosts is a major factor in mountain pine beetle population dynamics (Safranyik and Carroll 2006) . It is also worth noting that the monoterpenes that we assessed are among the most volatile of confer defensive compounds. If they are still present in the phloem at high levels late in the summer, then other defensive compounds, such as phenolics and diterpene acids, that are less volatile are also likely to still be present at high levels the end of August.
